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Efficient Time Slot Assignment Algorithms for TDM
Hierarchical and Nonhierarchical Switching Systems

Kwan L. Yeung

Abstract—Two efficient time slot assignment algorithms, Inputs Outputs
called the two-phase algorithm for the nonhierarchical and the
three-phase algorithm for the hierarchical time-division multiplex EEEEER e
(TDM) switching systems, are proposed. The simple idea behind [(T-11112 5 L
these two algorithms is to schedule the traffic on the critical . NxN TDM
lines/trunks of a traffic matrix first. The time complexities of these .
two algorithms are found to be O(LN?) and O(LM?), where L . Switch
is the frame length, NV is the switch size, andM is the number :
of input/output users connected to a hierarchical TDM switch. :
Unlike conventional algorithms, they are fast, iterative and simple HEEEER N LT T
for hardware implementation. Since no backtracking is used,
pipelined packet transmission and packet scheduling can be per-
formed forrredgcing the scgeduling complexity of a transmission
matrix to O(N*) and O(M~), respectively. Extensive simulations
reveal that the two proposed algorithms give close-to-optimal
performance under various traffic conditions.

. Atime slot

Fig. 1. AnN x N nonhierarchical TDM switching system.

Index Terms—Heuristic, scheduling algorithm, TDM switching

system, time slot assignment. demultiplexers. The second stage has the same structure as that

of the nonhierarchical switch. If the number of the inputs and
outputs for all multiplexers and demultiplexers are equal, a hi-
. INTRODUCTION erarchical TDM switching system degenerates into a nonhierar-
IME-DIVISION multiplex (TDM) switching has been chical one. _
widely employed in terrestrial and satellite communica- A traffic matrix is used to represent the total amount of traffic
tion networks to concentrate traffic from low bandwidth sourcd&m all inputs to all outputs of a switch (a formal definition
onto high bandwidth lines [1]-[3]. A TDM switching Systemwnl be defined later). For a given traffic matrix, the time slot
can be either nonhierarchical or hierarchical. A nonhierarchicsignment (TSA) problem is to find a conflict-free assignment
TDM switch is shown in Fig. 1. The switching operation i©f packets to slots such that the frame length, i.e., the number of
made up of frames and each frame is divided into time slof§ne slots required for switching the traffic from switch inputs
Each time slot can accommodate one packet. A switch conff§-Outputs, is minimized. An optimal TSA is an assignment that
uration is an interconnection pattern of the switch such thatR@s the minimum frame length over all possible conflict-free
most one packet can be transmitted by an input and one padk&tignments. _ .
can be received by an output. A x N switch has a switch Time slot assignment as well as traffic scheduling problems
configuration that permits up t& packets to be transmitted have al_so been bro_adly stu_died in other_ areas, including design
in a conflict-free manner from inputs to outputs in each tim@f Multirate TDM video switch [7] and input-buffered packet
slot. A switching conflict occurs if two or more packets aréWitches [8]-{14]. There is also a growing interestin using TSA
transmitted to the same output in the same time slot. algorithms to provide quality-of-service guarantee [15], [16].
The TDM hierarchical switching system was first proposed For both hierarchical and nonhierarchical switching systems,
in [4]. Subsequent studies can be found, e.g., in [5] and [6]. TRENY optimal algorithms with polynomial time complex-
TDM hierarchical switching system has a three-stage switchiff$s have been proposed [4], [1], [2], [17]-{20]. Most of
structure withA/ input users and/ output users as shown intheém use a maximum cardinality algorithm known as the

Fig. 6. The first and the third stages consist of multiplexers afyStem of distinct representatives (SDR) [1], or maximum
size matching algorithm. For nonhierarchical TDM switching

systems, an algorithm with complexit§(m?), where m
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slightly improved algorithm with time complexitp(M*) was 1210/ 4
proposed using a more efficient implementation of the max- D = g (1) f ; 2
imum size matching algorithm. Algorithms using the neural 000 3] 3
network approach have also been reported [6]. For high-speed 53 4 6

communications networks such as ATM, the complexities of
those reported algorithms are too high to be run in real-time ahid- 2.  Anexample traffic matrixD for a4 x 4 nonhierarchical TDM switch.
are too complicated to be implemented in hardware. Therefore,

a near-optimal algorithm with a much lower time complexityent. we further leD;, denote the (remaining) traffic matrix at
that can be easily implemented in hardware is desirable. 1o end of time slok. i.e D, = D—Zk ;. An optimal time
g Ielony v T =1 T

In this paper, two efficient heuristic TSA algorithms, the twogot assignment is an assignment that has the minimum length
phase algorithm for nonhierarchical and the three-phase algd(%-li][1 such thatD, . = 0.

rithm for hierarchical TDM switching systems, are proposed. | gt R; = Ej d;; andC; = 3. d;; be theith row sum and the

They are designed based on the idea that the traffic on the Cﬁh column sum of the traffic matri®. The following theorem
ical lines/trunks (to be defined) of a traffic matrix should b¢,g heen shown in [23].

sch.eduled first. The time complexities of the two propos_ed al-Theorem 1:The necessary and sufficient number of
gorithms are()(LN?) andO(LM%), respectively, wherd is  {ime slots required to transmit a trafic matriD is
the frame lengthyV is the switch size, and/ is the number of Lein = max; ;{R;, C;1.
input users. Since no backtracking is used in the proposed alan optimal time slot assignment algorithm is an algorithm
gorithms, scheduled packets for time stotan be transmitted {4t finds an assignment with = L,,;,, in all cases.
while the algorithm is scheduling for time slbt+ 1. In other
words,_packet sF:heduIing and transmissioq can be Opera}te%.inTwo-Phase TSA Algorithm
a pipelined fashion. Therefore, the complexity for scheduling a
transmission matrix is On|p(N2) or O(MQ) The parameter Let aline be a row or a column in a traffic matrik. Let a
L will not affect the scheduling complexity in each time slot. critical line be a line which has the maximum traffic. Consider a
Because of the iterative nature Of the two proposed alg@}(zltrafﬁc matrix D as shownin F|g 2. The row and the column
rithms, they are simple for hardware implementation and th§gms ofD are shown at the right-hand side and the bottom of
very suitable for high-speed switching networks. Extensive: respectively. We can see that row 3 and column 4 are critical
simulations reveal that the two-phase and the three-phd8€s with (maximum) traffic 6.
algorithms are very efficient. When switch sigis large, we ~ Let R and ¢} be the ith row sum and the
found that for nonhierarchical switching systefs, the prob- Jjth column sum of the traffic matrixDy. Further let
ability that the two-phase algorithm failed to generate optimaig, = max;;{R*, C1. A critical line of matrix Dy,
TSAs, is almost independent of, and has a very low value (at the beginning of time sldt + 1) is a line with row sum or
of Pp = 3 x 10, For hierarchical switching systems, theolumn sum equals t@\~,. From Theorem 1, the following
percentage increase in frame length as a result of nonoptira@follary can be easily shown.
TSAs by the three-phase algorithm is only about 0.1%. Corollary 1: The necessary and sufficient condition for an
This paper is organized as follows. In the next two section@lgorithm to obtain an optimal time slot assignment is that
we focus on the designs of the two-phase and the three-phteeach time slot, exactly one packet is transmitted from
algorithms, respectively. For each section, we start with a forngach critical line of the traffic matrixD,. In other words,
. . . Ry _p=1) _ ¢ _ 7 _ isfi
problem formulation and then follow by a detailed algorithrd-y,i, = Ly~ — 1 = Linin — k must be satisfied for alt > 0.
description. The performance of the proposed algorithm is thenWe can see that it isot necessary for an optimal TSA algo-
studied by simulations. rithm to find a transmission matrix with maximum cardinality
in each time slot. This is, however, the approach used by most of
the exsiting optimal TSA algorithms. The algorithms for finding
[l. NONHIERARCHICAL SWITCHING SYSTEMS a transmission matrix with maximum cardinality [1] use back-
tracking and their time complexities tend to be very high. From
Corollary 1, we can see that a more efficient optimal algorithm
Consider anV x N time multiplexed switch as shown incan be designed by only focusing on scheduling packets on the
Fig. 1. Packets from all inputs can be represented by a traffidtical lines.
matrix D = [d;;], whered,; is the number of packets to be In this paper, we propose an efficient time slot assignment
transmitted from input to outputy. Let the packets to be trans-algorithm based on the observation that packets on critical lines
mitted in time slotk be represented by a transmission matrighould have scheduling priority over those on the noncritical
T = [tgj’?‘)], wheretgf) = 1if a packet is scheduled to transmitlines. We call it the two-phase algorithm because for scheduling

from inputi to output; in the current time slot; otherwisé;) — each transmission matrix, the algorithm consists of two phases,
0. For a conflict-free transmission, each row and each column\ghere

T;. can have at most one 1. For a given traffic mafvixthe time » phase 1 schedules the packets on critical lines of the traffic
slot assignment is to decompaBdnto a series of transmission matrix;

matrices, one for each time slot, & =177, + 1> +--- + 17, » phase 2 schedules the packets on the remaining noncritical
wherel is the frame length, or the length of a time slot assign-  lines.

A. Problem Formulation
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The two phases of the two-phase algorithm are both implee changed by the subsequent scheduling assignments. There-
mented using an iterative algorithm called maximum remainirigre, packet transmission and packet scheduling can be oper-
sum (MRS) [24]. The MRS algorithm is an efficient heuristi@ted in a pipelined fashion. That is after each scheduling itera-
algorithm for finding a matrix with maximum cardinality. Un-tion, say the:th iteration, the scheduled packets in transmission
like the system of distinctive representative [1] algorithm, nmatrix 73, can be immediately transmitted while the next itera-
backtracking is needed and its time complexity is found to li®n for scheduling transmission matr¥.., is being carried
only O(N?). During its operation, scheduling priority is givenout. Because scheduling and transmission are now overlapped
to a nonzero traffic matrix entrg, ), where the total number of in time, the complexity for scheduling a single transmission ma-
zero entries in row and columny is maximum among all other trix is only O(N?). It should be noticed that this pipelined op-
rows and columns. The idea is to give priority to the entry whickrationcannotbe used by algorithms using backtracking. For
has the least assignment/scheduling choices (becasue it hasithacktracking-typed algorithm, no packet can be transmitted
largest number of zero entries, where a zero entry means thenél the transmission matrices for the whole traffic matrix are
is no traffic there for you to schedule). obtained.

The detailed operations of the two-phase algorithm are de-
scribed by the following pseudocodes and the MRS algorithth Some Implementation Consideration

is also summarized below. Unlike the maximum size matching algorithm [1], [21], the
two-phase algorithm is a fast and iterative heurtistic. It is very
Two-Phase TSA Algorithm simple to implement in hardware. The complexity of the two-
Inputs: D = [d;;] phase algorithm is dominated by the function MRS. A simple
Outputs: 13,75,...,17, special vector processor [24] can be used for updating the traffic
matrix, the row sum and the column sum in step 6 of MRS.
1. k=1, Then step 6 can be carried out in a constant number of steps
2. Find all critical lines inD; D' = D; which is independent of switch siZé. Also simple combinato-
Set all entries of)’ to 0 except those on the critical lines; rial logic can be used to perform the vector comparison in steps
3. Run MRS algorithm with inpud’ andZ;, = [0]; 2—4. The time complexity of the MRS algorithm can then be re-
4. D' = D; for all tgf) = 1, set the corresponding linesin  duced toO(NV) and the time complexity of the two-phase algo-
D' to O; rithm for scheduling a transmission matrix also becoméy’).
5. Run MRS algorithm with inpub’ and7; To further speed up the algorithm, one can follow the approach
6. D=D-—"1Ty; of using hardware implementation for an iterative algorithm as
7. If D =[0],L = k; EXIT,; reported in [11] and [9].
Elsek = k + 1; goto step 2.
D. An Example
MRS Algorithm To illustrate the two-phase TSA algorithm, consider a 4
Inputs: I’ andT; TDM switch with a traffic matrix given by
Outputs: Ty, 121 074
2 0 2 1]5
- . , P=1y5 11 2ls
1. Findr; andc;, the number of nonzero entries for each line
of D'; 0 0 0 313
2. Find the line with minimum number of nonzero entries. > 34 6'_ .
If the line is a row, denote it by and goto step 3. The row and. column sums of the traffic matrix are shown at the
I the line is a column, denote it byand goto step 4; right-hand side .a.nd the bottom ﬁf respectively. Row 3 and.
3. Find columng such that:, = min;{c; | d,; > 0}; coIL_Jmn 4 are critical lines. Following step 2, a running matrix
4. Find rowp such that, = min;{r; | dy; > 0}; D" is constructed. 00 0 01-
5. té';) = 1 and set all entries in rogwand columny of D’ to 0; 00 0 11| -
T = T; — tiq and_ci = C; — tpi for all <'s. D = 2 1 1 21| 4
6. Goto step 2 until no packet can be scheduledTito 00 0 3]-
R

Steps 2 and 3 of the two-phase algorithm correspond to phgsfen we excecute the MRS algorithm in step 3. The number
1, and steps 4 and 5 correspond to phase 2. Steps 2—7 exegtlifonzero entries of the critical lines are found by step 1 of
L times for scheduling. transmission matrices, one for eactMRS and are shown next to row 3 and column 4. Step 2 of
time slot. In each scheduling iteration, the MRS sub-routine RS identifies column 4 is the line with the minimum nonzero

executed twice (one for each phase) and the time complexity fgitries. Then by step 4, row 3 is chosen and a packet from input
MRS is O(N?) [24]. Therefore, for a given traffic matrix, the 3 to output 4 is scheduled

overall time complexity of the two-phase algorithmGgLN?). 0

On the other hand, the two-phase algorithm does not per-
form any backtracking. That means once a packet is sched-
uled/assigned to a transmission matrix, its assignment will not

T =

oo oo
oo oo
o= OO

0
0
0
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1.00000

Since no more packet i’ can be scheduled, exit MRS algo- :
rithm and return to the two-phase algorithm at step 4. We obte B e T SR S
1 2 1 013 0.10000 Phase 20n1y e e

2 0 2 02 : T
0 0 0 0 - 0.01000 /-/ Phase 1 Only

0 -
/

A

D' =

0 0 O

2 1 2 -
The number of nonzero entries of each row and columnareags %'
shown next to their respective lines. Next, we call the MRS algis
rithm again at step 5. Column 2 @F is chosen since it has thes 010 The 2-Phase Algorithm
minimum number of nonzero entries. Similarly row 1 is choseg —
and a packet from input 1 to output 2 is scheduled. The resultia
transmission matrix is 0.00001 S - p

ng to generate opt. TS

Sy G———

25 30
Switch size N

T = . . . . .
Fig.3. Probability that the proposed algorithms failed to generate optimal TSA

0
0
1
0 versus switch sizé&V; n = 4.

oo oo
oo O
[
e oOo

dated matiiX is obtained

nd iter:’;\tion of MRS. algorithm are constructed. We call them the phase-1-only algo-

9 rithm and the phase-2-only algorithm. The phase-1-only algo-
rithm consists of steps 1-3, 6, and 7 of the original two-phase
algorithm, while the phase-2-only algorithm consists of steps 1
and 4-7. We can see that the phase-1-only agorithm can take ad-
: yantage of scheduling critical lines first, but not the throughput

0 maximization offered by the second phase. And the vice versa
0 is true for the phase-2-only algorithm.
11

0

Follow the MRS algorithm, t

, the
and then we proceed to the
0

ec

o

D' =

oo o on I
oo oo

o oo

atr

2
0
0
1
matrix for the first time slot is obtaine

Finally, the transmission X f

o

L= Let d;; the number of packets from inputto output; be

a random integer uniformly distributed between 0 andrhe
The traffic matrixD is then updated in step 6 of the two-phas#@put traffic load increases asincreases. Let, — L., be the
algorithm. difference in frame length generated by a heuristic algorithm

oo o
oo oo

0
1
0
0
n

o
D

111073 and that by an optimal algorithnd. — L,,;, = 0 if an optimal
p= |1 0 2 114 assignment is obtained using a heuristic algorithm. Otherwise,
2 111)|5 L — L > 0. Fig. 3 shows in logarithmic scale th&}, the
000 313 probability that a heuristic algorithm failed to generate optimal
4 2 4 5. TSA (i.e.,L — L.,i, > 0), versus switch siz& for n = 4. Each
Skipping the remaining steps, the transmission matrices {gint of the simulation results shown in the figure is obtained by
the subsequent time slots are found to be averaging over one million traffic matrices.
010 07 (10 0 07 For the phase-1-only algorithm, the probability of generating
Ty = 1000 Ts = 0001 suboptimal TSAPr increases almost linearly with switch size.
0001 0010 For the phase-2-only algorithn® is the highest and it has a
L0 0 0 0. L0 00 0. value between 0.22-0.29. It shows that scheduling the traffic on
(00 1 07 [0 0 0 07 the critical lines first is very important. For the two-phase al-
r,=|Y 000 T, — 0010 gorithm, P is the lowest and whe# is large, Py is almost
1000 1000 independent of the switch size. When switch sEe= 30, Pr
L0 0 0 1] L0 0 0 1] is found to be 0.10 for the phase-1-only algorithm, 0.22 for the
00 0 07 phase-2-only algorithm, and 3 10~ for the two-phase algo-
Ty = 00 1 0 rithm. This represents a three order of magnitude improvement
0100 over the phase-1-only and phase-2-only algorithms. This sig-
0 0 1 nificant performance improvement comes from the facts that 1)

LO i
Note that the total number of time slots required for this e qyjing priority is given to the critical lines (using phase 1),

a”_“F_"e Is 6 and is equal by, the maximum line trc_affic _Of the and 2) the number of packets sent in each slot is maximized
original D. Therefore, from Theorem 1, the resulting time Slofusing phase 2).

assignment is optimal. Next, we concentrate on the quality of the time slot assign-

ments given that the suboptimal assignments are obtained, i.e.,

— Luyin > 0. We found that when the two-phase algorithm

L
In this section, the performance of the two-phase TSA alg%‘used, the frame length differenée— L,.;. is at most equal
rithm is studied by simulations. To examine the effect of giving

priority to critical lines, two simplified versions of the two-phase it is easier to see this trend wheraxis is in linear scale.

E. Performance Evaluation
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10.0000 ore B . . .
one packet for each critical line in each time slot) is reduced.

L-Lmin=1: L-Lmin=2 'L-Lmin=3 An important implication from this result is that the two-phase
: 5 5 5 f : algorithm will give a better performance under nonuniformly
distributed traffic situations than the uniformly distributed
traffic we examined here.
Next, we focus on the worst-case scenario thaAlllines
in an N x N traffic matrix are critical. To generate such an
matrix, we simply set all entrires of a traffic matrix equal to a
constantc, wherec = 1 is used. The switch size (or, matrix
size)N is varied from 2 to 100 one by one. We found that when
N = 42,49, 54, 56,66, 68,70,77,80,81,84,85,91, and93 (14
cases out of 99), the two-phase algorithm generates suboptimal
time slot assignments. But in all such suboptimal cases, again
0.0001 . 20 only one extra time slot is required. We then vary the value of
Switch size N the constant from 1 to 10 for all 14 suboptimal cases above, we
found that still only one extra time slot is required in each case.
Fig. 4. Probability distribution of the frame length difference between th?hatimplies when all entries of the traffic maxtrix are equai,to
phase-1-only algorithm and the optimal;= 4. . . .
the value of-does not affect or has little impact on the quality of
100000 1 the time slot assignments generated. From the above worst-case
... ..+ .| -scenerio,we cansee thatthe two-phase algorithm still generates
! Phase 2 Only i a close-to-optimal performance but the performance improve-
010000 - R e ment is reduced as expected.
It should also be noticed that the two-phase algorithm is de-
woro0 | T——y 4. ———1 signed and evaluated for minimizing the frame length in this
Phase 1 Only paper. For packet switching systems [24], [8], [14], [13] where
| packets arrive at inputs on a slot-by-slot basis, the two-phase al-
0.00100 v gorithm can still be applied with the modification that the traffic
matrix is updated in each time slot.

1.0000 |-

0.1000 |---1

0.0100 [---

0.0010 |-

Prob. distribution of (L-Lmin)

0.00010 The 2-Phase Algorithm
' e
I Il. HIERARCHICAL SWITCHING SYSTEMS

T

Prob. of failing to generate opt. TSA

A. Problem Formulation

0.00001
2 3 4 5 6 7 8

i - In this section, we focus on a hierarchical TDM switching
The maximum value of dij

system. A TDM hierarchical switching system has a three-stage

Fig.5. Probability that the proposed algorithm failed to generate optimal TS3Witching structure as shown in Fig. 6. The first stage consists

versusn; N = 10. of f multiplexers and a total oM = Ele p; input users,
where multiplexef concentrates; input users té; lines. (Thus

to 1. That means all suboptimal assignments aredostime p; > k;.) A total of N = Ezle k; concentrated input lines

slot longer than the optimal. For the phase-1-only algorithm, tlage then connected to th¥ x N nonblocking TDM switch

frame length differencé — L,;, spreads out to values 1, 2 andn the middle stage. Thé&/ output lines of the TDM switch

3. Fig. 4 shows their respective distributions against the switahe then grouped intg sets, where setwith h; lines is con-

size. It can be seen that the majority of the suboptimal casegcted to théth demultiplexer in the third stage. The number of

haveL — L.;, = 1. As switch sizeV increases, the probability output lines/users of demultiplexéis ¢; (whereg; > h;) and

of L — Ly = 1 is slightly reduced and the probabilities ofy"7_; ¢; = M. Whenp; = k; andh; = ¢; for all ¢’s, the hi-

L — L,;, = 2 and3 are slightly increased. Similar results (noerarchical switching system degenerates into a nonhierarchical

shown) are obtained for the phase-2-only algorithm. system we studied in the previous section.

Fig. 5 showsPr versusn, the maximum value for the traffic  Packets from alli/ input users are represented by a traffic
matrix entry d;;, with a switch size of 10. As: increases, matrix B = [b;;]axn, Whereb;; is the number of packets
the input traffic load increases. For the phase-1-only and tteebe transmitted from input usérto output usey. Let S =
phase-2-only algorithmsPx is around 0.3 and 0.01, respecy_; >, bi; be the total number of packetsih Let theM input
tively. For the two-phase algorithm, it is interesting to noticesers be grouped intb sets and each set corresponds to a mul-
that Pr decreases with. This is because the line sums of thdiplexer. We denote the set of users at multiplexas ;. Simi-
traffic matrix spread out to a much wider rangeraimcreases. larly, we group the output users ingosets and denote each set
This causes the number of critical lines (lines with the maky O,. We call each sef; an inputtrunk and each se®; an
imum traffic) in a traffic matrix to decrease. From Corollary lputputtrunk Let R; = Ej\il bi; andCy = Eﬁ\il b;; denote
a TSA algorithm fails to generate an optimal TSA if it fails tahe total traffic in rowi and columry of matrix B, respectively.
schedule a critical line. If the number of critical lines decreasdsetU; = 3, -, R; andV; =}, ., C; denote the total traffic
the chance of scheduling failure (i.e., fail to transmit exactiy (row) trunks and (column) trunks, respectively.
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Input Trunk Output Trunk
1 MUX 1 1 1

P 7 7 DEMUX a1
1 1
[ L )
[ [ ]
. NxN .

P MI.)X 2 TI?M 7 DEN.IUX a4
! Switch l
[ J ®
[ ] o
[ ] L

Py MUX kf 7 DEMUX T

M f N N—* 8 M

Fig. 6. A three-stage hierarchical TDM switching system.

For a given traffic matrix, the time slot assignment problem Corollary 2: The necessary and sufficient conditions for an
is to find a way to decompose traffic matriX into a series of algorithm to obtain an optimal time slot assignment are, for each

zero-one transmission matrices,Br—= 14,15, ...,1, where time slot, as follows:
frame lengthL is minimized. Unlike a nonhierarchcial system, 1) exactly one packet is transmitted from each critical line
the followingtwo conditions must be met for a valid transmis- (if any) of traffic matrix B;
sion matrix7; = [tgf)]i i) at most one 1 in each row or each 2) the number of packets transmitted from each critical
column of7}, and ii) at most; 1's in trunk I; andh; 1's in trunk (if any) is sufficient to make it become non-
trunk O;. critical, i.e., [U,/k,|(after) = [U,/k,|(before)— 1
An optimal time slot assignment is the assignmentwhich has  or [V,/h,](after) = [V,/h,](before) — 1, where
the minimum frame lengtl,,,;,. It was shown [4], [19] that a [-](before) and[-](after) denote the value of -]
time slot assignment with length,,i,, exists if and only if the before and after the time slot assignment in a time slot.
following conditions are satisfied: To design an efficient TSA algorithm for hierarchical
switching systems, we concentrate on scheduling the traffic on
S < NlLnin critical lines and critical trunks. For scheduling a critical line,
R; < Ly, fori<i:i< M the algorithm needs to decide which packet in the given critical
C; < Lunin, fori<j<M line to transmit. For scheduling a critical trunk, the algorithm

has more flexibility as it needs to decide which packet from
whichline (in the critical trunk under consideration) to transmit.
Vs < s Lunin, for1<s<g. An efficient algorithm should give priority to the assignment
. with higher assignment difficulty, or less assignment flexibility.
The followmg.theorem has been proveo_l [.4]’ [19]. . Therefore, scheduling for critical lines should have a higher
Theorem 2:The necessary and sufficient number of time . . ; o .
slots 1o transmit traffic matrid is priority over the scheduling for cntlcal_ trunks, _an_d scheduling
for critical trunks should have a higher priority over the
scheduling for the remaining traffic.
Following this approach, a new algorithm called the
three-phase algorithm is proposed. It consists of three phases
max{[Uy/k,]}, max{ Ws/hsﬂ} . (1) for scheduling a transmission matrix in each time slot, where
phase 1 has the highest priority and phase 3 has the lowest
priority. To have a easy-to-follow presentation of each phase,
we try to use less symbols and notations below.

» Phase 1 focuses on scheduling traffic on the critical lines

Let acritical trunk be a trunk with[l/,./k,] = Lua OF while giving priority to lines inside a critical trunki-or
[Vi/hs] = Luia. Note that a critical line may or may not re- all critical lines in traffic matrixB, find the critical line
side in a critical trunk. Unlike that for nonhierarchical switching ~ With the minimum number of nonzero entries (i.e., has the
systems, a critical line or a critical trunk may not exist. This ~ Minimum number of assignment choices).
happens when the maximum term on the left-hand side of (1) is 1) Ifthe line is a row, denote it by and the associated
[S/N1],i.e.,Lyin = [S/N]. From Theorem 2, we found that if row trunk (i.e., the trunk where lingeresides in) by
the following conditions are not satisfied, an optimal time slot I;. Find a column line according to the following
assignment cannot be obtained. order and denote it by and the associated column

Uvr S erminv for 1 S T S f

Lyin = HlELX{ |—S/N—| s IHaX{Ri}, IHaX{Cj},
i J

B. Three-Phase TSA Algorithm
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trunk by O;. The number of 1's in trunks; andO;
of the transmission matrix must be less thammand
h;, respectively.

a) Find a critical columny such that it has the
minimum number of nonzero entries among
all critical columns withb,,, > 0.

b) Find a columny such that it has the minimum
number of nonzero entries among all columns
within critical column trunks and with,,, >
0.

¢) Find a columry such that it has the minimum
number of nonzero entries among all columns
with b,, > 0.

2) Ifthe line is a column, denote it hyand the associ-
ated column trunk by;. Find a row line according
to the following order and denote it y and the
associated row trunk by;. The number of 1's in
trunks/; andQO; of the transmission matrix must be
less thark; andh;, respectively.

a) Find a critical rowp such that it has the min-
imum number of nonzero entries among all
critical rows withb,, > 0.

b) Find a rowp such that it has the minimum
number of nonzero entries among all rows
within critical row trunks and wittb,,, > 0.

¢) Find a rowq such that it has the minimum
number of nonzero entries among all rows
with b,, > 0.

3) Schedule a packet to be sent from input yséo
output usery by settingtz(,’;) = 1. Repeat phase 1
until no more critical lines are found.

» Phase 2 focuses on scheduling traffic on the critical
trunks. It should be noticed that after performing phase
1, some critical trunks may now become noncritkal.
Among all critical trunks, find the line with the minimum
number of nonzero entries.

1) Ifthe line is a row, denote it by and the associated
row trunk byZ;. Find a column line according to the
following order and denote it byand the associated

associated row trunk by;. The number of 1's in
trunksl; andQ; of the transmission matrix must be
less thark; andh;, respectively.

a) Find a rowp such that it has the minimum
number of nonzero entries among all rows
within critical row trunks and wittb,, > 0.

b) Find a rowp such that it has the minimum
number of nonzero entries among all rows
with b,,, > 0.

3) Schedule a packet to be sent from input yse¢o
output usery by settingtz(,’;) = 1. Repeat phase 2
until no more critical trunks are found.

Phase 3 schedules the remaining traffic in the matrix in
order to maximize the number of packets to be transmitted
in a time slot, i.e., throughpuEind the line with the min-
imum number of nonzero entries.

1) Ifthe line is a row, denote it by and the associated
row trunk byI;. Find a column ling; and denote the
associated column trunk ;. Columng is found
such that

a) it has the minimum number of nonzero entries
among all columns witfk,, > 0;

b) the number of 1's in trunkg; and O, of the
transmission matrix must be less thianand
h;, respectively.

2) Ifthe line is a column, denote it hyand the associ-
ated column trunk by;. Find a row linep and de-
note the associated row trunk By Rowp is found
such that

a) it has the minimum number of nonzero entries
among all rows with,;, > 0;

b) the number of 1's in trunké$; andO; of the
transmission matrix must be less thianand
h;, respectively.

3) Schedule a packet to be sent from input yse¢o
output userg by settingtz(,’;) = 1. Repeat Phase 3
until no more packets can be added to the transmis-
sion matrix.

column trunk by0;. The number of 1's in trunké Similar to the two-phase algorithm, the overall time com-

andO; of the transmission matrix must be less thaRIEXty Of the three-phase algorithm is found tolyel. M?). For
k; andh;, respectively. scheduling a single time slot transmission, the time complexity
T VAl .

a) Find a columry such that it has the minimum is O(M*) since pipelined operation of scheduling and transmis

. sion can be used. Like the two-phase algorithm, the three-phase
number of nonzero entries among all columns, . L .
within critical coulumn trunks and withy, > algorlthm can al_so pe easily mplementeq in hardware for faster
0 4 operations. Its circuit complexity will be higher than that of the

b) Find a columny such that it has the minimum two-phase algorithm because three levels of scheduling priority

) are required.
number of nonzero entries among all columns
with b,, > 0.
2) Ifthe line is a column, denote it byand the associ- ) o ) o
ated column trunk by, . Find a row line according Consider a symmetric hierarchical TDM switching system
to the following order and denote it yand the With pi = ¢i = 4 andk; = h; = 2. Then for anM x M
hierarchical switching system, thé x N TDM switch in the
2In case a critical line resides in a critical trunk, if a packet on this criticamiddle has a size oV = M /2. Letb;; the number of packets

line can be successfully transmitted in phase 1, the corresponding critical lfpgm input source to output sourcg be a random integer uni-
becomes noncritical but the the corresponding critical trunk is not necessag i

| L .
to become noncritical. This is because of the ceiling functions on expressifﬁémly distributed between 0-4. Fig. 7 showy, Fhe proba-
U,/k. andV,/h, in (1). bility that the three-phase failed to generate optimal TSA, and

C. Performance Evaluation
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connected to a hierarchical TDM switch. Since the proposed
algorithm does not use backtracking, pipelined operation of
packet transmission and packet scheduling can be carried out.
Because of the iterative nature of the proposed algorithms, it is
found that hardware implementation for these two algorithms
are very simple and efficient. Based on the extensive simulation
results obtained, the two proposed algorithms are found to be
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Fig. 8. Probability distribution of the frame length difference between the
three-phase algorithm and the optimal.

the percentage increase in frame length as a result of nonop=2]
timal TSAs, against the number of input sourdésWe can see

that Pr gradually increases with/. However, the percentage |13
increase in frame length remains at a constant value of about
0.1%. That means on the average only one extra time slot is r?1-4]
quired for a frame length of 1000 time slots.

Fig. 8 shows the distribution df — L,,,;,, for all suboptimal
TSAs. When the number of input sources is small, at most tw&-5!
extra time slots are required for any suboptimal assignment. For
M up to 40, at most three extra slots are required. [16]

IV. CONCLUSION [17]

Two efficient TSA algorithms, called the two-phase algo-
rithm for the nonhierarchical and the three-phase algorithnis)
for the hierarchical TDM switching systems, were proposed
in this paper. The simple idea behind these two algorithms iﬁg]
to schedule the traffic on the critical lines/trunks of a traffic
matrix first. Their time complexities are found to 6 LN?)
and O(LM?), respectively, wherd. is the frame length/N
is the switch size and/ is the number of input/output users

(20]

very efficient. For nonhierarchical TDM switching systems, we
found Pr the probability that the two-phase algorithm failed to
generate optimal TSAs is about-3 10~® and is independent

of switch size. For hierarchical switching systems, the per-
centage increase in frame length as a result of nonoptimal TSA
generated by the three-phase algorithm, is only about 0.1%.
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